In this paper one of the first utility scale smart rotors is studied in detail. The structural response of the Sandia National Laboratories Smart Rotor Experiment due to flap excitation has been modeled by the in-house code DU-SWAT and compared to experimental data. Good agreement has been found for both tower and blade motion. The numerically obtained blade motion shows stronger damping than in the experiment. As the sectional aerodynamics have been verified, this increase in damping can be attributed to assumptions in the blade element method. The tower dynamics, which are mostly dominated by structural damping, can be reproduced very accurately also for high flap deflection angles.
I. Introduction
In an effort to decrease the cost of energy, wind turbines have been upscaled during the last 3 decades. As a result of this upscaling, loads both in the blade, as well as in other turbine components see larger fluctuations due to gravitational and wind induced loads. A method to control the turbulence induced fluctuations are smart rotors. These rotors exploit a set of active aerodynamic devices (AAD) for example micro tabs or trailing edge flaps. Flaps are very suitable for a control task because of their wide bandwidth and high control authority on the aerodynamic loads.
A lot of efforts has been made in the prediction of the aeroelastic behavior of smart rotors at Delft University of Technology, the Danish Technical University and at Sandia National Laboratories (SNL). While the Danish efforts have started with the developement of aerodynamic tools for such turbines, [1] [2] [3] [4] [5] a first demonstration of a smart rotor system under controlled wind tunnel conditions has been made in Delft. [6] [7] [8] Sandia has focused on combined pitch and flap control of large turbines.
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All these simulations need experimental data as validation. The smart rotor of 2m diameter at Delft University of Technology was a first step in this direction. SNL has taken yet another step further and equipped one of their Micon 65/13 turbines with trailing edge flaps close to the tip. A detailed description of the design process is provided by Berg et al. 13, 14 At the time of construction this turbine was the only utility scale smart rotor. Since then a turbine of the same size, a Vestas V27 has been updated by Vestas in collaboration with the Danish Technical University, 15 where one of the three blades is equipped with 70cm long flaps. This paper will investigate the aeroelastic behavior of the SNL rotor due to step inputs in flap deflection. It is an extension of previous work, 16 which compared a linearization of the numerical model to an experimental frequency sweep of the flaps. First, the SNL rotor will be introduced, followed by a description of the aeroservoelastic wind turbine analysis tool. As an initial comparison steady blade results will be analysed and finally the dynamic response to step deflections will be compared.
II. Sandia National Labs Smart Rotor
The Sandia National Laboratories Smart Turbine is located on the USDA-ARS site in Bushland, Texas, USA. As shown in Figure 1a , the test turbine is a three-bladed, fixed-pitch, upwind Micon 65/13 turbine. Modifications to the brakes, gearbox and the generator have been made. 17 The blades have been adapted by locally reinforcing the structure such that they can withstand the loads introduced by the flaps. The updated turbine has a generator rating of 115 kW and operates at a nominal 55 rpm, while the standard Micon has a lower fixed rotational speed of 45 rpm.
The test site is characteristic of the Great Plains. It is flat and without any high vegetation. The site is equipped with a meteorological tower upwind of the turbine. Wind speed measurements are taken at a number of heights including the hub height, the height of the rotor top and rotor bottom and 2m above ground level. This measurement tower is located 30.7m upstream of the turbine. Besides the wind speed measurements through anemometers, also the wind direction is determined using a wind vane at hub height.
The tip section of the blades have been re-designed to accommodate flaps. Each blade has 3 separately controllable flaps, however during the experiments all flaps were exited uniformly. The flaps run from 7.029m to 8.859m covering 20% of the blade span and 20% of the chord. The structure has been locally reinforced by integrating an additional shear web as a mounting point for the actuators. The flaps are driven by electric motors and can reach deflections up to 25 degree. The loss of stiffness caused by the cut-out is compensated by adding a double layer of carbon fiber with ±45 degree angles.
Each rotor blade is equipped with a range of sensors including strange gauges distributed along the blade span as shown in Figure 1b . These are complemented by accelerometers close to the blade tip and in the nacelle. Pitot tubes, which have also been installed close to the tip, have not been used during the measurement campaign. A comprehensive overview of all sensors included in the turbine has been published by Sandia.
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Before being assembled as part of the smart rotor, each blade has undergone a sequence of ground tests: Cantilevered pull tests in edgewise and flapwise direction, cantilevered and free-free modal tests. Two sequence of identical experiments have been performed for the complete smart rotor. The first set of experiments was done with a parked rotor, while the same tests were conducted with the rotor in the power production mode. This paper focuses on the structural dynamics including power production. For both experiments, the structural dynamics of the rotor were excited by sinusoidal flap motion at discrete frequencies, a frequency sweep and a simultaneous step inputs to all flaps of -20 to 20 degree. All these flap excitation were open-loop implying that none of the sensors has been used for feedback to the flap motion.
III. Delft University Smart Wind Turbine Analysis Tool
The Delft University Smart Wind turbine Analysis Tool (DU-SWAT) is an aeroservoelastic time-domain code dedicated to simulation of rotors with distributed flaps and particularly suitable for controller design. The code has been validated with commercially available codes as FAST and HAWC2 concerning its performance for conventional turbines.
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DU-SWAT combines a blade element momentum method (BEM) with a geometrically non-linear structural model as shown in Figure 2 . The aerodynamic model includes a dynamic inflow model and unsteady 2D aerodynamic formulations 20 including dynamic stall. A more detailed description of the tool can be found in previous papers. 16, 19 This model is coupled with a multi-body code in which the rotations are concentrated in a discrete spring-damper system interconnecting rigid elements. These elements are defined in a co-rotational framework. The structure has been broken into 18 elements of equal length. The inertial loads associated to flap movement have been modeled as force inputs.
Some modifications have been made in the numerical model compared to the SNL Smart Rotor. While the SNL Rotor has rigid flaps that rotate around a hinge axis, the flaps have been modeled as deformable trailing edges. The aerodynamic preprocessor of DU-SWAT uses Rfoil, which is and extension of Xfoil for wind turbine airfoils. It was opted to implement a smooth transition between undeformed airfoil and flap. The flap angles have been set such that at the trailing edge of the flap, the Kutta condition for both systems is identical. The result is a slightly lower control authority on the lift coefficient, but a smoother aerodynamic behavior as flow separation at the transition between airfoil and flap does not occur. Structural damping has been included such that the modal damping for the first eigenmode has a damping coefficient of 0.025 for both blades and tower. As will be shown, the selection of the damping coefficient is not critical for the response of the blades as aerodynamic damping prevails. For the tower motion the structural damping coefficient is critical as a result of small displacements and velocities, the aerodynamic damping is small.
As rotations in the multi-body simulation are concentrated in springs, strains cannot directly be retrieved from the model. An estimation of the strains has been made based on the sectional bending moment. Assuming classic beam theory, the moments have been related to stresses and strains using the local flapwise bending stiffness and the distance between elastic axis and sensor location.
The most relevant difference between numerical simulation and experiment lies in the inflow conditions. Naturally, the SNL smart rotor experiments have been subject to wind fluctuations and turbulence over the rotor area. By repetitively performing the measurements and averaging of responses, turbulence effects of the rotor response have been eliminated. For that purpose, 29 individual measurement series of 30 seconds were taken for each step in flap deflection. 18 All measurement series of each step amplitude were summed independent of their average wind speed and divided by the number of repetitive measurement series. In this process the initialization of the flap deflection was always set at 0 seconds. This way a 'mean flap response hidden beneath the stochastic wind excitation'
18 was computed. One should note that this mean response only is an approximation of the exact rotor response, as this averaging approach cannot take any non-linearities into account. In the numerical simulation a time-invariant wind field including wind shear, but no yaw, has been used such that turbulence is not found back in the numerical data.
IV. Comparison of blade loads for static blade deflection
A first comparison between the numerical simulation and the smart rotor experiment has been made by investigating the static effect of smart rotors. Figure 3 shows the measured and numerically computed strains. While the rotor experiments has been performed between 4m/s and 10m/s, 18 the numerical analysis limits itself to wind speeds above 6m/s. This decision has been made as the experimental data of wind speeds of 4m/s are highly inconsistent and show strain fluctuations of more than 100% for slight changes in wind speed or flap angle.
The first curve that should be investigated is the strain response for different wind speeds without flap. Both curves are practically identical. Only a slight variation occurs close to 10m/s. Both experiment and simulation show a linear behavior with wind speed. This linearity stems from the almost linear relation between wind speed and local angle of attack at the outboard sections 17 as the rotational speed is kept constant during power production. In contrast to the measurement series with zero flap angle, the curves of the strains on the high pressure side for flap deflections are less linear, certainly for high wind speeds. High wind speeds correspond to high angles of attack up to 8 degree. When imposing a flap deflection, flow separation might become an issue. An additional issue is that especially for low wind speeds the delay between measured wind speeds upstream of the turbine can be up to 5 seconds. The result is an uncertain estimation of the wind velocity at the rotor. Nonetheless, the trends of simulation and experiment agree. Positive flap deflections increase the strain, while negative deflection decrease the strain. The increase is constant for all wind speeds, except for some experimental outliers such as the data point at 10m/s wind speed and -10 degree flap deflection. The numerical simulation overpredicts the change of the effect of the smart rotor on the strains by 15-20%. The blade element method assumes independent annuli. Therefore every section is evaluated independently. However, this assumption might not be valid for smart rotors. The SNL smart rotor has discrete flaps, which are located close to the tip of the blade. Several aerodynamic phenomena can influence the loading. Firstly, discrete flaps generate a gap in the blade trailing edge which causes vortex formation as a result of flow from the high pressure side to the low pressure side. The result is a decrease in lift and a reduction of control surface effectiveness. Further studies are required to determine if the assumptions underlying BEM are sufficient to explain the observed differences.
V. Time-domain response to step input
Having investigated the static behavior of the blade, the dynamic response of the rotor to a step input is investigated next. The step deflection of the flap was initialized at -0.06 seconds time and are completed at 0.02 seconds of the measurement time. The duration of the step motion is independent of the amplitude of the motion. A slight overshoot can be observed in the flap deflections just before they reach the target deflection angle as shown in Figure 5 . The flap motion has been approximated in the numerical simulation by a transition from a zero degree flap angle to a final flap angle, with a (1 − cos(ωt))-profile, where ω is the frequency of the motion and ωt runs from 0 to π.
The first comparison concerns the generator power as displayed in Figure 4 . An observation that needs to be made is the large spread in measured power (grey lines). They can be as low as 5kW and peak to 80kW. For convenience, Figure 4 only provides a zoomed view of this data, highlighting the effect of the step input in the flap. Besides the differences in mean power level between the different measurement series, also the impact of turbulence on the power production during a measurement series is evident. The generator power fluctuates up to 10kW within less than 0.2 seconds, which is higher than the first eigenfrequency of the blades and will naturally excite them. For the numerical simulations, the wind speed has been set such that the power output approximates the average power just before the step in flap response is initialized.
The averaged response in power generation agrees well for all wind speeds with the experiment. The change in power production as a result of flap deflection between -15 and 10 degree flap angles is very good. It should be noted that the matching of wind speeds in the simulations have been done repetitively, resulting in a range from 7.9m/s in the case of the 10 degree flap deflection to 8.6m/s in the simulation with -5 degree flap deflection. The graph with the poorest agreement is the 15 degree flap angle simulation. Partially this can be attributed to the fitting procedure of the wind speed. It is selected such that the simulated power at time 0 corresponds to the averaged power. This average power shows a local maximum, probably as a result of turbulence, leading to an overestimation of the wind speed and consequently to an upward shift of the power curve by 1-2kW. Another reason is that separation might occur which is not predicted accurately by DU-SWAT. This explanation is very likely as at wind speeds of 10m/s and 15 degree flap deflection, the local flow angles are up to 25 degree. This assumption is supported by a comparison with the -15 degree flap deflection, which decreases the local flow angle to -3 degree, which is well within the linear region of the lift curve. Overall, the static results are predicted accurately.
The dynamics of the power generation are more difficult to assess. For step changes of 5 degree in either direction, no conclusive statements can be made as the stochastic variations are almost as high as the predicted change in power due to a step input in flap angle. More measurement series are needed to eliminate power fluctuations due to turbulence. A step input of 10 degree causes stronger oscillations in the power signal. These oscillations occur at 1.5 Hz. Therefore they can neither be related to the structural dynamics of the turbine blades which have the lowest eigenfrequency above 4 Hz, nor to the multiples of the rotor rotation. The rotor operates at 55 rpm, which corresponds to 0.9166 Hz for 1P or 2.75 Hz for 3P. Also the time scales associated to flow adjustment are different from this frequency. The time scale of local flow adjustment is 0.004 seconds and the wake response takes 1.2 seconds to reach the final state. A possible explanation for the oscillations is that the structural dynamics of the drive train are not modeled in the numerical simulation, while they might cause fluctuations in the power signal in reality. The oscillations increase further for the -15 degree step change, with a strong overshoot at 0.3 seconds, which quickly damps to the amplitude level present before the step change. The numerical code predicts a slight overshoot, but does not come close to experimental values. For positive flap deflections, this overshoot is not present and the numerical data approximates the change including the initial overshoot very well. A expansion of the experimental data set is required to ensure that the variations are not of stochastic nature. Figure 5 shows the strain measurements compared to the numerically obtained strain values. The first flapwise bending mode dominates these results. Experimentally, the frequency of the spinning rotor has been determined to be 4.16Hz, 18 which corresponds well to the first flapwise eigenfrequency of 4.2 Hz, determined by spectral analysis of the numerical step response results. Also the amplitude changes are very well captured for positive flap deflections. For negative flap deflections, the strains are underpredicted. The reason for this can be found in Figure 6 . The wind speeds have been matched between experiment and simulation for the power production just before the step in change was applied. The fitting has been done based on the power curve without any flap deflection. The power curves for negative flap deflection angles shifted towards much higher wind speeds. This shift is largest for -15 degree, where the difference between curves in wind speed is more than 1m/s. The result is an underestimation of the simulation wind speed. Higher wind speeds correspond to higher strain as shown in Figure 3 , where a change of 1m/s wind speed corresponds to an increase by 10 microstrain, which is the difference between the simulation and experimental curves. The numerical simulation also exhibits significantly higher damping than the experiment. The initial overshoot, which is caused by a combination of inertial loads due to the flap motion and aerodynamic loads, is captured well with DU-SWAT. After that however, the blade oscillations fade quickly. The structural damping is expected to be the source for this decay. A range of damping coefficients from 0.005 to 0.04 have been studied, with the result that this hypothesis needed to be rejected as the simulation results did not show significant differences. The other damping source are aerodynamic forces. The unsteady aerodynamic performance has been studied intensively on a two dimensional airfoil level including structural responses and controller integration. 21 The results do not give any reason for assumption that the engineering model might cause a strong increase in damping. The last remaining question lies again, as for the static strain measurements in the assumptions of the blade element momentum method. A final comparison has been done for the tower top motion given in Figure 7 . A constant offset of 20 milli-g of the accelerations, which was observed during the measurements, corresponds to a misalignment of the accelerometer and the gravity vector of 1.1 degree. This misalignment can either be a result of the integration of the accelerometer in the structure or a result of tower deformation. The numerical results have been corrected by this offset. The dynamic response for both numerical simulation and experiment is constituted by two separate phenomena. The first is a high frequency vibration, which is only visible in the first 0.5 seconds after the step response. This is triggered by the blade motion. The peaks in strains and the peaks in accelerations are around 0.1 and 0.3 seconds, which corresponds to the first blade frequency. In the numerical simulations, only the first peak is seen, which agrees with the analysis of the strain results that predict a quick decay of the blade vibration. In the experiment, the blade vibration endures longer. A second peak at 0.3 seconds is visible for flap deflections of 10 degrees and more. This matches with the measured strain signals, where low flap deflections only cause one visible vibration cycle before decaying to an amplitude similar to before the flap excitation. The second cause of the tower top accelerations is the change in thrust level. The result is a slowly decaying tower motion. This decay is almost exclusively dependent on the structural damping. Low flap deflections of 5 degree cause hardly any tower accelerations, similar to a the very small change in power production as shown in Figure 4 . Larger steps introduce a vibration that is well captured by the aeroservoelastic code, both in terms of frequency and amplitude.
VI. Conclusion
A comparison study has been performed between the Sandia National Laboratories Smart Rotor Experiment and the Delft University Smart Wind Turbine Analysis Tool. Static strain values in the wind turbine blade agree well, especially for small or no flap deflection cases. General trends in structural dynamics and loads could be reproduced, both for blades and tower motion. The frequencies of the structural response to a step input have been reproduced. The main difference is that in the numerical analysis, blade damping is higher than in the experiment. An identification of the source of the differences has been made. One of the main uncertainties in current aeroelastic wind turbine analysis of smart rotors is expected to be the assumption of independence of the blade elements and annuli. A thorough investigation of these assumptions is of highest importance for studies of smart rotors.
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